Guiding the migration of grafted cells to promote axon regeneration
A promising therapeutic strategy to promote the regeneration of injured axons in the adult central nervous system (CNS) is the transplantation of cells or tissues that can modify the local host environment and support the growth of regenerating axons. Growth-supportive cells that have been successfully used in experimental transplantation therapy of spinal cord injury (SCI) include Schwann cells, mesenchymal stromal cells, olfactory ensheathing cells, genetically modified fibroblasts, and neural stem/progenitor cells (Huang et al., 2010) . Cells derived from the embryonic spinal cord and peripheral nerve grafts have been shown to promote the regeneration of injured axons, due largely to the presence of growth-supportive cells such as glial progenitors and Schwann cells, respectively (Cote et al., 2011; Haas and Fischer, 2013) . These transplants generate a permissive environment for axon growth by secreting growth factors and forming an adhesive extracellular matrix to overcome the inhibitory environment of the injured tissue. However, the value of these transplants to promote axon regeneration is limited by the fact that most regenerating axons are trapped inside the permissive environment generated by the transplants, failing to grow out of the graft ( Figure 1A , B) (Haas and Fischer, 2013) . While this strategy can be effective for building functional relays via graft-derived neurons (Haas and Fischer, 2014) , this approach can not be generalized to other cell types. Therefore, a remaining challenge for therapeutic cell transplantation in CNS injury, in the context of long distance regeneration and connectivity, is to develop strategies to promote axonal growth beyond the graft into putative target areas to form functional synaptic connections. Currently the nature of the "graft trap" of regenerating axons is not fully understood. One possibility is that the regenerating axons stay inside the graft, which expresses much higher levels of attractive guidance factors, i.e., neurotrophic factors, and much lower levels of inhibitory/repulsive factors, i.e., chondroitin sulfate proteoglycan (CSPG), compared to the adjacent host tissue. Another possibility is that although adult CNS axons maintain their growth potential and can regenerate in an optimized environment, their intrinsic growth capability is much lower than axons of embryonic neurons, and thus not suitable for long-distance regeneration. Targeting these mechanisms, several strategies have recently been applied to overcome the "graft trap" in transplantation-based therapy of SCI. One strategy is to further modify host spinal tissue, making the host tissue less inhibitory and thus allowing some of the regenerating axons inside the graft to exit into the host tissue. As an example, Tom et al. (2009) showed that in an experimental model of grafting a peripheral nerve bridge at the site of the injured spinal cord, application of chondroitinase (Chase) at the distal graft/host interface to reduce CSPG-mediated inhibition promoted modest improvement in host-entry of regenerating axons, which would otherwise stop at the distal graft/host junction. Another strategy to promote axonal growth beyond the graft focuses on genetic modification of injured neurons to enhance their intrinsic growth potential using regeneration associated genes (Ma and Willis, 2015) . For example, overexpressing the constitutively active form of the Rheb GTPase (downstream of the mTOR pathway) has been shown to enhance the intrinsic growth potential of adult neurons (Wu et al., 2015) .
Recently, we sought to explore an alternative strategy for promoting axon regeneration by inducing the directional migration of grafted cells (Yuan et al., 2016) . We hypothesized that controlled migration of grafted cells could be beneficial to axon regeneration and functional recovery by expanding the permissive environment and directing axon growth. However, following transplantation into the injured spinal cord, most grafted cells remain at the injury site, with few grafted cells showing long-distance migration without rostral or caudal directional selectivity (Lankford et al., 2008; Ekberg et al., 2012; Yuan et al., 2016 ). An intriguing but yet untested question is whether we can promote axon regeneration beyond the injury/graft site by guiding the migration of grafted cells toward the putative target region of regenerating axons. Theoretically this is feasible, because if a large cohort of grafted cells can be guided to migrate out of the injury/graft site toward the original target area of injured axons, the migratory stream of these growth-supportive cells is very likely to form a corridor for the advance of regenerating axons beyond the injury/graft site toward the target area. Moreover, migration of grafted cells may even enhance axon growth by towing of growth cones, like the towing of embryonic sensory axons by migrating target cells during embryonic development (Gilmour et al., 2004) .
To begin testing whether this novel strategy is feasible, we needed to establish a reliable method to induce the directional migration of grafted cells in the adult spinal cord, as highlighted by one of our recent research projects (Yuan et al., 2016) . We first used a variety of cell culture-based assays to screen for factors that may be attractive or repulsive to the migration of glial-restricted progenitors (GRPs) derived from embryonic spinal cord, a promising cell type to support axon regeneration in transplantation-based therapy of SCI (Haas et al., 2012; Haas and Fischer, 2013; . Next, we used a cervical dorsal column lesion model of SCI in adult rats, a well-characterized in vivo nerve injury model, for transplantation of GRPs and application of lentivirus coding for candidate guidance factors rostral to the injury/graft site to test the guidance of GRP migration by candidate factors in vivo. Although GRPs for transplantation exhibit active migration in vitro, we observed limited migration of grafted GRPs in adult spinal cord, with or without injury. This limited migration of grafted GRPs may indicate the presence of endogenous factors that restrict/inhibit the migration of grafted GRPs in the adult spinal cord, and that effective guidance of GRP migration may depend on the removal of this restrictive/ inhibitory signal. CSPG is a well-characterized axon growth inhibitor in the adult CNS that is present in the gliotic scar following CNS injury. As GRPs express receptor tyrosine phosphatase sigma (PTPRS), one of the major receptors of CSPG, it is likely that these cells can also respond to this inhibitory signal. Indeed, when coated on culture substrate, CSPG strongly inhibits the adhesion and migration of cultured GRPs. Injection of lentivirus vectors encoding Chase rostral to the injury/graft area induced the preferential migration of grafted GRPs toward the injection site. These in vitro and in vivo findings support the notion that CSPG is a major endogenous factor that restricts the migration of grafted GRPs in the adult CNS. We also observed that basic fibroblast growth factor (bFGF) is an attractive migration factor for GRPs, as lenti-bFGF injection also induced directional migration of a fraction of grafted GRPs toward the injection site in vivo, similar to the effect of lenti-Chase. These findings suggest that an effective way of guiding the directional migration of grafted cells is the lentivirus-mediated delivery of factors that can either remove the restrictive/inhibitory effect of the host tissue or actively promote cell migration. An interesting future question is whether simultaneous application of these two types of factors -one relieving the inhibition and the other directly attracting -results in synergistic activity and stimulates the migration of greater numbers of grafted cells toward the putative target. The combination of the in vitro screening system together with the in vivo injury model that disrupts sensory axons described in our study (Yuan et al., 2016) can be used to test the effects of additional molecules on the migratory properties of other cells. It is also important to further explore whether directional migration of a large cohort of grafted cells can support axon regeneration beyond the injury/graft site. Moreover, guided migration of grafted cells can be further combined with other therapeutic interventions to improve axon regeneration and ultimately recovery of function. In this context, the additional advantage of using lenti-Chase to guide the migration of grafted GRPs is that this treatment also benefits the growth of regenerating axons. Thus, a therapeutic strategy that focuses on the application of a guidance factor that can promote both the extension of regenerating axons and the migration August 2016,Volume 11,Issue 8 www.nrronline.org of grafted cells may be the best option for a combined effect. For the chemotropic factor, it is unclear whether bFGF, which we found to be attractive to GRPs, is also directly attractive to regenerating axons. If a common attractant for both regenerating axons and grafted cells is not available, one potential option is to transplant cells genetically engineered to express the specific receptor for the attractant that can effectively guide the extension of regenerating axons, so that grafted cells gain sensitivity to the same attractant.
It is generally accepted that the glycosaminoglycan chains in CSPG mediate the inhibitory effect of CSPG on axon growth, and that Chase treatment is a widely used method in experimental therapy of SCI to alleviate CSPG-mediated inhibition by digestion of the glycosaminoglycan chains (Bradbury et al., 2002) . Consistent with Chase-mediated CSPG digestion, we observed that Chase treatment completely blocked the inhibitory effect of CSPG on the attachment of GRPs to cell culture substrate. However, in a "stripe assay" designed to evaluate the guidance effect of substrate-bound CSPG on GRP migration, we noticed that Chase-treatment mildly mitigated, but did not completely block, the repulsive action of CSPG stripes on GRPs (Yuan et al., 2016) . This observation indicates the existence of CSPG inhibition that is independent of glycosaminoglycan chains, and underscores the importance of developing novel ways that can effectively mitigate this Chase-insensitive inhibitory action of CSPG in the scenario of long distance regeneration of injured axons. Basic research to clarify the structural basis of this Chase-independent inhibitory action of CSPG will be the key for this solution in the near future.
In summary, we have established a framework of inducing the directional migration of grafted GRPs in a SCI model using lentivirus-mediated expression of two types of guidance factors ( Figure  1C) . A similar strategy can be applied when other cell types are used in transplantation-based therapy of SCI, and can be applied in combination with other therapeutic interventions to improve axon regeneration. 
